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Abstract 


This paper summarizes the degradation mechanisms for SOFC anodes in the presence of sulfur and recent developments in sulfur-tolerant anodes. 
There are two primary sulfur-degradation mechanisms for the anode materials: physical absorption of sulfur that blocks the hydrogen reaction 
sites, and chemical reaction that forms nickel sulfide. The sulfur-tolerant anodes are categorized into three kinds of materials: thiospinels and metal 
sulfides, metal cermets, and mixed ionic and electronic conductors. Each material has its own advantages and disadvantages, and the combined 
application of available materials to serve as different functional components in anodes through proper design may be effective to achieve a balance 
between stability and performance. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Solid oxide fuel cell (SOFC) is promising candidate for future 
energy conversion systems because they have higher energy con- 
version efficiency than conventional heat engine systems and 
other types of fuel cells. Capability of SOFC to use conven- 
tional fossil fuels with multiple compositions is found essential 
for commercialization of SOFCs [1,2]. Fuel flexibility decreases 
operation costs of SOFC system by eliminating need of high- 
grade purifying apparatus and directly utilizing economically 
derived fuels, and also facilitates SOFC’s application in the 
conversion and treatment processes with special importance for 
industrial and environmental businesses [2—4]. 

However, one of the major challenges for extended fuel 
application in SOFC is anode poisoning caused by unfavor- 
able reactions of catalytic anode materials with sulfur and/or 
carbon species present in readily available hydrocarbon fuels 
(Table 1), resulting in performance loss and degradation of the 
anode. In particular, sulfur poisoning of SOFC systems operating 
at intermediate temperatures (typically 700-850 °C) [1] which 
are known as IT-SOFC systems can be irreversible, whereas 
the performance degradation in HT-SOFC (>900°C) can be 
reversible [4,5]. The IT-SOFC however, have the advantage of 
using more economical component materials, such as low cost 
metallic interconnects, and thus material economics favor the 
IT-SOFC. 

Since sulfur species such as hydrogen sulfide are widely 
present as impurity or additive in many economically available 
fuel sources, and their concentration can reach high level in some 
fuels such as coal syngas and diesel, sulfur tolerance capabil- 
ity of SOFC anode now become a critical standard for advance 
of SOFC toward commercialization. Although desulfurization 
pretreatment of fuel is usually available for SOFC, development 
of anode materials with required sulfur tolerance is indispens- 
able to achieve overall system cost competence, and ensure cell 
integrity in case of desulfurization system fault [2,6]. 

Early efforts in studying sulfur poisoning and sulfur-tolerant 
materials were initiated on H2S/air fuel cell and MCFC systems 
[7-9]. Recently, research interest was focused more on SOFC 
system feed with H2S-containing fuels. Successful results on 
anode deactivation and anode materials application have been 
reported by various researchers and summarized in a recent 
paper [10]. However, prior results tend to vary with each other 
due to different cell structures, anode features and testing condi- 
tions. And there are few reports on the tolerant mechanism and 
selection criteria of sulfur-tolerant materials in this field. 

In this paper, a summarization on degradation of SOFC anode 
and sulfur-tolerant anode materials will be presented to promote 
in-depth understand of predecessor works. The material screen- 


Table 1 
Typical composition and H2S concentration of some fuel sources 


Fuel type Typical composition H2S concentration 
Coal syngas H2, CO, CO2, H20, No 100-300 ppm 
Biogas H2, CO, CO2, CH4, H20, N2 50-200 ppm 

Sour (natural) gas H2, CO2, N2, C2H6, CH4 >1% 


ing criteria and tolerance function of anode materials, which till 
now have received little attention, are also discussed to facilitate 
future experimental investigations. 


2. General requirement of SOFC anode 


The SOFC anode acts as a reaction site where anion oxi- 
dation of fuel catalyzed by anode materials occurs at or near 
the triple phase boundary (TPB) area. Electricity is generated 
through transfer of resulting electrons to interconnect materials. 
The electricity output voltage is given by (1): 


Ve = A Ee — |ne] — |Mal — IRe (1) 
Ne = Nact + Nconc (2) 


In Eq. (1), Ve is the output voltage of the cell, AE, the Nernst 
potential of the cell, ne the polarization loss of the cathode 
and na the equivalent loss for the anode, and IR, is the ohmic 
polarization loss of the cell. In Eq. (2), ne is electrode polar- 
ization overpotential, consisting of activation and concentration 
overpotentials jact and Nconc. To complete the charge trans- 
fer required for reaction and electricity generation with low 
ohmic loss, the anode should be both ionically and electronically 
conductive. Also, the anode should be catalytically active to min- 
imize polarization loss and promote electro-oxidation [2,11]. 
This combination of needs can be satisfied by either using a 
metal—ceramic composite material (metal cermet) or a single 
phase mixed ionic—electronic conductor (MIEC). MIECs are 
receiving more attention in recent research since larger TPB 
area and better fuel sulfur tolerance can be achieved through 
tailorable electronic properties [12,13]. In particular, the n-type 
MIEC materials are electronically more suitable for the reducing 
anode environment. However, p-type MIECs could also serve 
as anode materials if the initial conductivity of materials is high 
enough [2]. 

To reduce the mass transfer overpotential, a porous struc- 
ture is necessary for the anode. The anode material itself should 
be thermally and chemically stable in an impurity-containing 
fuel atmosphere for long-term service, and at the same time it 
should be also chemically and mechanically compatible with 
electrolyte, cathode and other components in SOFC system. 


3. Degradation of SOFC anodes by sulfur poisoning 


Mechanistic investigation on sulfur poisoning of SOFC anode 
has received increasing research interests recently since clear 
understand of this issue is crucial for identifying specific miti- 
gation solutions against degradation, including development of 
sulfur-tolerant anodes. The performance loss of SOFC anodes in 
sulfur-containing fuels can be attributed to: (1) Physical adsorp- 
tion/chemisorption of H2S at surface active sites that lead to 
reduction of surface area for electrochemical reactions; (2) sul- 
fidation of anode material due to reaction between sulfur and 
anode materials resulting in loss of catalytic activity, conductiv- 
ity and stability. However, till now the reported mechanism and 
extent of degradation for different anodes vary with different 
operation atmosphere and concentration level of H2S. 
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3.1. Conversion of H2S at SOFC anode 


Conversion of H2S during anodic process dominates its 
adverse effects on anode materials, as the sulfur poisoning of 
SOFC anode greatly depends upon the form and reactivity of 
sulfur species as product of conversion reactions. The reactions 
and their reversible potentials! at 1000 K were given by literature 
[14] as: 


(E? = +0.785 V) 
(3) 


H2S + 30° < H20 + SO) + 6e7 


H2S + O27 = H20 +S +2e7 (E?= +0.761V) (4) 


H2S < H2 +S (5) 
S + 20° = SO +4e7 (E°= +0.748 V) (6) 
H2 +0? <> H2O + 2e7 (E° = +0.998 V) (7) 


At 1100 K, 8.6% of H2S decomposed through reaction (5) [14], 
and sulfur dioxide formed by (3) and (6) may further react with 
excess H2S to produce sulfur. Reactions (3) and (6) are favorable 
for the purposes of sulfur tolerance of anodes since sulfur diox- 
ide is considered less adverse for SOFC operation (SO? is more 
thermodynamically stable than H2S and S). Sulfur poisoning of 
anode can be mitigated by either control with electrochemical 
methods or application of materials inert to H2S promoting the 
oxidation of H2S into SO2. High utilization rate of fuel and/or 
excess O? at TPB sites increases the prominence of (3) and (6) 
[8,9,14]. It was reported that when ratio M of O2- surface flux 
and H2S concentration reached unity, conversion of H2S to SO2 
was above 99% [8]. M was defined by Eq. (8), where Zis the cur- 
rent, F is Faraday’s constant, G is the total gaseous molar flow 
rate fed to the anode, and Yes is the feed H2S mole fraction. 
Hence sulfur tolerance of anode can be obtained by electrochem- 
ically introducing sufficient O7~ on anode site. This strategy is 
also borrowed in previous research on recovering poisoned fuel 
cell anodes by sulfur or coke [15,16], during which an external 
electro-field was applied onto cell to electrochemically oxidize 
anode surface contaminates at different pulse rate according to 
poisoning level. However, electrochemical control over oxida- 
tion of H2S requires the SOFC system to run at low efficiency 
[14], hence it may serve as an auxiliary solution for sulfur poi- 
soning of SOFC anode. In the long run material modification is 
more practical remedy for this issue. 


I 


= — (8) 
6FGy}s 


3.2. Sulfur-poisoning degradation mechanism of Ni-based 
SOFC anode 


Ni-based cermet is the most popular anode in most SOFC 
systems due to its low cost, ease of fabrication and relative high 


' The reversible potential at temperature T, E° is calculated from AG? for the 
reaction at that temperature [1]. 


electrochemical efficiency. However, the Ni-cermet consisting 
of Ni and yttria stabilized zirconia ceramic (Ni-YSZ) experience 
severe degradation in fuels containing only a few ppm of H2S due 
to the high vulnerability of Ni to sulfur poisoning. The possible 
reactions of Ni with H2S include physical adsorption (adsorption 
of molecular H2S on Ni surface), chemisorption (dissociative 
adsorption of sulfur atom from H2S) and sulfidation according to 
different H2S concentrations. The latter two can be summarized 
as [4,9,17]: 


HS(g) <> HSaas + H(g/ads) <> Saas + H2(g/ads) (9) 
Ni + H2S < NiS + Hp (10) 
3Ni+xH2S <> Ni3S; +xH2 (11) 


Degradation mechanism of Ni anode based upon above reactions 
is determined by H2S level in the fuel, operation temperature as 
well as cell current. The reported results of experimental and 
theoretical research on specific degradation mechanisms of Ni- 
cermet anode throughout different operation conditions tend to 
vary with each other and do not yield a thorough understand of 
this issue till now. 


3.2.1. Degradation of Ni-cermet anode at low H2S 
concentration level 

At low H2S concentration in the fuel (typically below 
20 ppm), performance loss of SOFC happened under energet- 
ically unfavorable conditions for reactions (10) and (11) at 
intermediate temperature [4,5], as reported H2S concentration 
(a few ppm) leading to additional polarization was much lower 
than required level (1%) for sulfide formation at 800°C [4]. 
Hence, sulfur adsorption is generally considered as the major 
cause for anode degradation in this case. However, the prior 
research has not yet clarified the specific poisoning mechanism 
of SOFC anode under adsorbed sulfur. 

Studies conducted first by Matsuzaki and coworkers and 
later by researchers from the same group indicated that, as 
operation temperature decreased, the critical H2S concentra- 
tion for Ni-YSZ degradation decreased, while performance loss 
increased in the intermediate temperature range (<850 °C) for 
H2S concentrations ranging from 0.2 to 20 ppm [4,5]. The poi- 
soning effects became irreversible at low temperature due to a 
more stable adsorption state of sulfur on the Ni surface. This con- 
clusion was confirmed in a more recent study of sulfur-poisoning 
mechanism completed by Liu’s group using 2-50 ppm H2S at 
700-900 °C [18]. Although similar cell test settings were used 
for above research, the observed power density drop of cells 
followed divergent kinetic routes during incipient and evolution 
stage of test, indicating further investigation is needed on anode 
structural evolution during sulfur-poisoning process. 

The adsorption and poisoning effect of sulfur on Ni were 
further studied by Bartholomew et al. [19,20]. Fig. 1 shows 
the influence of H2S’s partial pressure in hydrogen on cov- 
erage of nickel surface by H2S (@) [19]. Plot with lower 
slope corresponds to a lower enthalpy according to the equa- 
tion RT In(Py,s/Px,) = AH — T AS, where AH is calculated 
based on 1 mol H2S. Hence it is indicated that adsorbed sulfur 
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Fig. 1. Equilibrium partial pressure of H2S vs. reciprocal temperature (open 
symbols 0 = 0.5-0.6; closed symbols, 6 = 0.8-0.9) [19] (0, coverage rate) (repro- 
duced by the permission of Elsevier). 


was more stable than bulk sulfide at intermediate temperatures 
and 90% surface coverage may occur at 1000 K for a low H2S 
concentration (10 ppm). 

According to the research described above, a wide range of 
sulfur adsorption is energetically favorable during typical SOFC 
operation conditions and is thought to account for cell perfor- 
mance losses since sulfur-induced degradation becomes more 
remarkable at low temperature as adsorpted sulfur is more sta- 
ble [4,5]. However, Barnett et al. reported that, when the Ni-YSZ 
anode was used with hydrogen containing 10 ppm H2S, cell per- 
formance was worse at 800 °C as compared with 700 °C, which 
is contradictory to previous results [21]. 

Various experimental study results on sulfur-poisoning mech- 
anisms indicates detailed investigation on H2S’s reaction with 
Ni-cermet is needed to gain a better understand of the issue. 
Recently, computational molecular modeling methods includ- 
ing quantum chemistry and molecular dynamics have emerged 
as valuable tool to simulate interaction between H2S and Ni at 
molecular level and determine material performance regarding 
sulfur tolerance [17,22]. Choi et al. implemented periodic den- 
sity functional theory (DFT) calculation to study the adsorption 
of H2S on Ni and Cu surface [17]. Dissociative adsportion of 
H2S on Ni surface was found as the dominant adsorption mech- 
anism with a adsorption energy of —1.75eV much lower than 
that of molecular adsorption (—0.48 eV) Also copper is found 
much sulfur-tolerant than nickel due to a low adsorption energy 
of H2S on Cu surface (~0.0 eV). The same method and molec- 
ular dynamics (MD) have been borrowed by Marquez et al. in 
a more targeted study on reaction among Ni-YSZ anode and 
gas-phase H2 and H2S [22]. Although presence of H2S slows 
down oxidation of H2, the simulated adsorption and oxidation 


of H2 on Ni-YSZ are still more thermodynamically favorable 
thanH2S. 

However, only molecular adsorption was considered as 
adsorption pathway during the computation model The cur- 
rent simulation of sulfur poisoning mechanism with DFT and 
MD methods provide alternative implementation of experimen- 
tal results and guide for further material and test design, however 
for in-depth research refining of the computation model would 
need to take various operational factors into account and incor- 
porate more data obtained from practical studies, and this may 
greatly complicate the simulating process. 


3.2.2. Degradation of SOFC anode at high H2S 
concentration level 

For SOFCs operating with higher concentrations of H2S, 
formation of nickel sulfide on the anode surface appeared to 
account for the performance loss. Dong et al. detected Ni3S2 
by Raman spectroscopy on Ni-YSZ anode exposed to 100 ppm 
H2S for 5 days [23]. Formation of sulfide was also found to 
account for a 10% power loss of Ni-GDC-—YSZ anode run- 
ning with 240 ppm H2S at 850°C [10]. However, even for such 
concentrations, the level of H2S is not high enough for forma- 
tion of stable sulfide according to thermodynamic calculations 
[23]. The contradiction between prediction and experimental 
results suggests that reactions between the anode and H2S may 
be greatly influenced by surface-featured factors like morphol- 
ogy, particle size and exchange processes under the influence of 
the local electric field during actual SOFC operation. Therefore, 
the calculation of bulk materials under equilibrium conditions 
cannot accurately predict the surface reactions. However, degra- 
dation caused by sulfur adsorption at high concentrations should 
not be excluded since chemisorbed sulfur is still quite stable 
[20]. 

For other SOFC systems tested with very high concentration 
of H2S (>1000 ppm), degradation of the anode is mainly caused 
by chemical reactions between the anode material and sulfur, 
which often cause phase transformations of the anode structure 
and/or de lamination of anode layers [24,25]. However, anode 
composition can be tailored to produce a sulfide with consider- 
able conductivity and stability to prevent any further degradation 
[26]. 


4. Sulfur-tolerant anode materials for SOFC application 


The screening criteria and testing parameters for sulfur- 
tolerant materials tend to vary from cell to cell based on the 
fuel composition and anode reactions. Thiospinel and metal 
sulfides of good conductivity were first examined as sulfur- 
tolerant anodes [7,27]. These materials show both catalytic 
activity toward H2S oxidation and stability in a H2S-rich fuel 
environment. However, potential stability and catalytic activity 
issues limit composite sulfides applications in SOFC systems 
with conventional fuels. Hence, further efforts have been made to 
improve the sulfur tolerance of traditional metal-cermet anodes 
and develop new oxide anodes with sufficient catalytic activity 
for H? oxidation, redox stability and resistance towards sulfur 
impurities. 
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4.1. Thiospinels and metal sulfides 


Thiospinel sulfides were first applied as electrocatalytic 
anodes for H2S oxidation by Pujare et al. on a H2S/air fuel cell 
[7]. The observed initial OCP of 1.04 V at 900°C for the cell 
using CuFe2S4 as the anode material was much higher than the 
theoretical OCPs for reactions (3) and (4). Hence, decomposition 
of H2S into H2 and a subsequent oxidation of H? were concluded 
as the possible reaction pathways on the anode. The authors also 
proposed that a sulfur tolerance of thiospinel oxide could be 
obtained by reaching equilibrium in the following reaction at 
the anode [7]: 


A 2BO4+4H2S < A2BS4 + 4H20 (12) 


Such strategy was also borrowed in the development of other 
sulfur-tolerant materials [26]. 

During another detailed investigation performed later by the 
same group [27]. NiFe2S4, WS2 and CuCo2S4 were identified 
as the most active anode electrocatalysts. The exchange cur- 
rent density (ig) reached a peak value for a fuel containing 50% 
H2S at 900°C, and increased as the H2 composition ascended 
from 0.5% to 2%. Hence, the researchers identified oxidation 
of hydrogen from reaction (5) as the dominant reaction on the 
thiospinel anode, while direct H2S oxidation was the second 
most favorable reaction. These reports show the potential utility 
of thiospinel materials as the anode in fuel cells with H2S-rich 
fuels. Since both material analysis and performance versus time 
tests were absent in the study, electrocatalytic features and sta- 
bility of thiospinel materials need further examination for SOFC 
with higher H2/H2S ratio in fuels. 

Metal sulfides WS», CoS and lithium cobalt oxide LiCoO2 
were also chosen as anode materials in H2S oxidation fuel 
cells to improve performance [3,28]. Degradation of CoS? into 
CoS}1.035 was found responsible for anode degradation after only 
1h of operation. WS2 and Li/Co oxide anodes were more sta- 
ble and active, yet the testing time was rather short (36h) and 
Li2S/CoS1.035 was found on the anode after testing. The power 
density of the Li/Co based cell with a thin film electrolyte 
reached 400 mW cm~2, which is the highest for H2S/air fuel 
cells to date. The results did not clarify whether reaction (3) or (4) 
was the major anode reaction. A time-dependent performance 
decrease was also observed possibly due to oxygen leakage or 
anode delamination. Liu et al. examined several composite sul- 
fides as H2S oxidation anode materials [28]. They found that the 
addition of Fe, Co, or Ni into MoS, reduced the sulfide volatility 
at high temperature and maintained high activity comparable to 
the activity of Pt anodes, which was attributed to the additives 
being promoter atoms for anode reactions. Further study indi- 
cated addition of Ag instead of Pt into the anode layer resulted in 
higher performance and longer service life due to an improved 
contact of Ag with M—Mo-S [29]. 

The electrocatalytic reaction on anode and stability in 
hydrogen-rich fuels still needs to be clarified for sulfur-tolerant 
application of metal sulfides in SOFC. And control of reactions 
between other fuel components and anode materials to achieve 
the desired long-term stability also remains an unclear issue. 


4.2. Metal cermets 


Direct modification of traditional Ni-YSZ cermet by com- 
position tailoring offers a comparatively simple and effective 
method for achieving sulfidation resistance up to a few hundred 
or even thousand of ppm of H2S. This policy can be completed by 
a partial or total substitution of Nickel with more sulfur-tolerant 
alloy constituent like copper, and/or a replacement of YSZ by 
electrolyte materials with higher ionic conductivity and stability 
during H2S-containing fuels. A balance between electrochem- 
ical performance and stability could be achieved during anode 
modification by material selection. 


4.2.1. SSZ as the anode component 

Scandia-doped zirconia oxide (SSZ) was reported to pos- 
sess the highest conductivity among zirconia-based electrolytes 
[30]. Substitution of YSZ with SSZ as electrolyte resulted in 
a remarkable output voltage rise of Ni-YSZ anode in 5 ppm 
H2S at 800°C [4]. Sulfur tolerance of anode in 100 ppm H2S 
with low output voltage loss was obtained by simultaneously 
substituting YSZ with SSZ as both electrolyte and anode compo- 
nent. Therefore, increase of ionic conductivity tended to improve 
sulfur tolerance of Ni-cermet anode. In the same research, par- 
tial replacement of Ni by impregnating selected elements or 
oxides into Ni-YSZ anode was also found to suppress sulfur 
poisoning effects (Fig. 2). However, both anode performance 
after impregnation and the sulfur-tolerant mechanism were not 
experimentally investigated. Another problem with this mate- 
rial is the high cost of SSZ that limits its wide application as a 
sulfur-tolerant component. 


4.2.2. Ceria and doped ceria oxides 

Doped or undoped ceria oxides are commonly applied as 
sulfur-tolerant components in metal cermet anodes due to 
good performance and lower cost relative to available alter- 
natives. CeO2 is widely used in sulfur removal processes and 
adds coking resistance in catalystic processes [31,32], copper 
(Cu) also resists coking formation and sulfur adsorption bet- 
ter than Ni [33,34]. Combined application of Cu and CeO? in 
the Cu/CeO2/YSZ anode introduces both high sulfur tolerance 


0.3 


Voltage drop / V 


LLII LAV FVS re 


Fig. 2. Cell voltage drop with various additives impregnated in porous anode 
at 200 mA cm~? (800°C, H2S concentration =20 ppm, H2/CO 100:0, elec- 
trolyte/SSZ, anode/Ni-YSZ + impregnated additives) [4] (reproduced by the 
permission of ECS—The Electrochemical Society). 
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Fig. 3. Performance of a Cu/CeO2/YSZ SOFC as a function of time (800 °C, cell 
voltage = 0.65 V, fuel composed of Hz + H20 (10%) + H2S) [37] (reproduced by 
the permission of ECS—The Electrochemical Society). 


(as shown in Fig. 3) and good electro-catalytic performance 
[33,35-37]. In addition to aiding in electrochemical functions, 
CeO% also directly acts as an oxidation catalyst for CH4 in 
anode reforming applications [35]. When used together with 
Ni to form a cermet anode, CeO% also clearly suppresses the 
sulfur poisoning of the Ni, which indicates that CeO, effec- 
tively acts as a H2S absorbent in fuel cells [31,32]. Degradation 
of a CeO2 anode is linked with the formation of ceria oxysul- 
fide (Ce2O02S)[32,35,37]. Although the thermodynamic diagram 
for Ce—O-S indicates that the critical H2S level for formation 
of CeO2S2 is approximately 450 ppm at 800°C [37], the ceria 
oxide anode maintains sulfur tolerance up to 900-5000 ppm H2S 
[35-37], while Ce2O2S is observed on a Ni-CeOp anode in a 
molten carbonate fuel cell running at 650 °C [32]. One explana- 
tion of the inconsistent results is a partial reduction of CeO2 to 
CeO z_, occurring during operational conditions. The product 
CeO2_,, is highly reactive with H2S, resulting in formation of 
Ce202S [32]: 


2CeO7_x(s) + H2S(g) + (Q -— 2x)H2(g) 
<> Ce202S(s) + 20 —x)H20(g) (x< 0.5) (13) 


It can be assumed that a full range transformation of CeO2 
occurring at high level of H2S may account for a catastrophic 
degradation of the anode. However, random electrochemical 
modification of surface composition of ceria oxide may also 
compromise the prediction based on thermo-equilibrium data. 

The successful strategy of Cu—ceria anode is difficult to apply 
in other SOFC systems operating at higher temperatures and 
with hydrogen rich fuels, because the operation temperature for 
Cu anode should be kept relatively low (<700°C) to prevent 
agglomeration of Cu particles. And both Cu and CeO 2 have 
poor catalytic activity for hydrogen oxidation. 

Ceria oxides with lanthanum series dopants have been used 
in the Ni-based anode. Compared with ceria oxide, doped ceria 
oxide exhibits approximately two orders-of-magnitude higher 
ionic conductivity due to extra oxygen vacancies introduced by 
doping with low valent ions [38], and maintains good stability 
against H2S plus considerable catalytic activity for oxidizing 
H2. Gadolinium-doped ceria (GDC) and samarium-doped ceria 
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Fig. 4. Schematic illustration of anode microstructure coated with SDC sol [43] 
(reproduced by the permission of Elsevier). 


(SDC) were chosen in cermet anodes due to higher conduc- 
tivity arising from similarity of Gd**+, Sm?* and Ce** on ion 
radius [38]. The Ni-doped ceria anodes with different Ni con- 
tents exhibit both higher performance with practical fuels and 
remarkable sulfur tolerance compared to the Ni-YSZ anodes. 
The enhanced performance is attributed to enlargement of reac- 
tive sites [10,39]. A H2S concentration of 9 ppm in fuel was 
found to have no effect on performance of Ni—Gdo,; Ceo.902.95 
anode after 1.5h operation [39]. A similar anode suffered 10% 
performance loss after operating with 200-240 ppm H2S for 
650 h [10]. Material surface analysis by XPS indicated both loss 
of Ni and gain of sulfur after operation, while the concentration 
of Ce and Gd remained constant. This result showed degradation 
caused by formation of nickel sulfide and the promising stability 
of GDC. However, doped ceria may not be an effective sulfur 
absorbent as ceria oxide. The presence of more O? in the anode 
layer rather than reactivity with H2S seems to contribute more to 
doped ceria’s sulfur tolerance, since Ni in Ni-SDC was reported 
to be poisoned by only 0-10 ppm H2S during OCV condition 
[40]. While some active sites of nickel were blocked, doped ceria 
can still electro-oxidize Hz with covered Ni as current collector 
[39]. 

Although the presence of a large amount of doped ceria in 
the anode may result in further improvement of electrochem- 
ical kinetics and sulfur tolerance, a balance between output 
performance and stability needs to be kept. Excess content of 
ionic conductor with low electronic conductivity in the anode 
compromises the electron transfer capability of the anode by 
increasing the polarization overpotential and activation energy 
for Hz oxidation [41,42]. The reported upper limit of YSZ con- 
tentis typically 30-40% for the nickel cermet, while 10% content 
of GDC in the cermet was found optimal for electrochemical per- 
formance [41]. With respect to sulfur tolerance, replacing more 
Ni with ionic conductive ceramics in the anode without incur- 
ring remarkable polarization resistance can be achieved by the 
following methods: preparing an anode microstructure with well 
dispersed different phases [42—44]; and using electronically con- 
ducting ceramics as the conductive phase at the same time [45]. 
Suitable anode microstructures are fabricated by impregnation 
or surface modification with oxide agents (Fig. 4) [42,43]. This 
method provides a larger TPB area with the same or smaller 
amount of doped ionic oxide, and it results in reduced polar- 
ization resistance through improving anode morphology and 
contact between different phases. The second method usually 
introduces a perovskite ceramic as electronic conductive phase 
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to reduce interfacial polarization resistance between different 
anode components, while a small amount of Ni can be kept as 
the catalyst in the anode [45]. 

There are few reports until now about the influences of con- 
tent and distribution of ionic oxides in the anode on sulfur 
tolerance and consequent performance of the anode. This area 
still requires research to provide insight towards the sulfur poi- 
soning and sulfur-tolerant mechanisms taking place in these 
anode materials. However, it can be assumed that the presence of 
an ionic phase with a consequent large amount of O*~ may help 
in removing sulfur in the form of SOz2, as suggested by earlier 
research [8], and/or limiting sulfur content’s adverse interaction 
with oxidation catalyst inside the anode. 


4.3. Mixed ionic and electronic conductor (MIEC) 


Ceramics with both ionic and electronic conductivity at 
high temperature and in a reducing environment have received 
increasing interest in recent years on their application as SOFC 
anodes or anode components due to a combination of the fol- 
lowing points [2]: (1) reduced interfacial polarization resistance 
by expanding reaction sites to the whole anode; (2) relatively 
good compatibility with high-quality electrolytes; mechanical 
stability during long term service without expansion of metal 
components; and (3) higher sulfur tolerance compared to metal 
components. Therefore, considerable effort has been devoted to 
developing various MIEC anode materials for the application on 
fuel-flexible SOFC with sulfur tolerance. 


4.3.1. Perovskite materials for sulfur tolerance 

MIEC oxides with perovskite structures have drawn sig- 
nificant interest during the development of high performance 
sulfur-tolerant anode materials. The ABO3 structure of per- 
ovskite has been found to be less reactive with H2S than the 
Ni-based anode [46]. The capacity of the pervoskite structure 
to accommodate vacancy and stoichiometric deviation allows 
doping of various ions with different oxidation states to either 
enhance conductivity and catalytic activity of sulfur-tolerant 
ceramics or to augment stability in a ceramic with promising 
electrochemical performance. Doping of small valent cations 
on the A-site results in an ionic conductivity increase in a reduc- 
ing environment. Selected 4d or 5d transition ions with multiple 
valences are preferable components for the B-site, since addi- 
tional conductivity can be introduced by releasing electrons 
which either hop between mixed valent cations or which occupy 
the conduction band. 

To date, several perovskite materials have been examined for 
application as sulfur-tolerant anodes [6,24,26,40,46-5 1]. How- 
ever, few reported perovskite anodes simultaneously display 
both good sulfur tolerance and catalytic activity for H2 oxi- 
dation equivalent to the catalytica activity of Ni-doped ceria or 
Ni-YSZ anodes. In addition, there is limited research on the 
sulfur tolerance mechanism of such materials. 


4.3.2. Cr-based perovskite anodes 
Originally used as an interconnect material, the strontium 
doped lanthanum chromate (LSC) recently has been modified 
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Fig. 5. XRD patterns of LSCMs after being exposed to humidified H? containing 
10% H2S at 950°C for 5 days (reproduced by the permission of Elsevier) [24]. 


to be used as methane oxidation anodes due to their bet- 
ter stability than the Ni anode. During preparation of LSC, 
a 20-25% doping of Sr on the A-site is found necessary for 
keeping TEC close to the electrolyte and for maintaining a 
low activation energy required for ionic conductivity [52]. A 
3% doping of V on the B-site does improve the sintability 
of LSC [53,54]. However, the conductivity of LSC is rather 
low in a reducing environment. Transition metal cations have 
been doped on the B-site to improve conductivity and cat- 
alytic activity. Since Cr has strong hexagonal coordination with 
oxygen deficiency [55], introducing cations with lower coordi- 
nation number, like Mn, Co, Fe, Ni, to the material has been 
shown to improve catalytic activity by improving ionic con- 
ductivity [50,56]. (Lao.75Sro.25)o0.9Cro.sMno,.s (LSCM) with the 
Mn dopant exceeding percolation level (33%) was reported to 
have comparable performance as the Ni-YSZ anode with H2 
and methane as fuel [50]. Both LSC and LSCM have been 
tested for sulfur-tolerant applications [24,46]. The results, how- 
ever, indicated that sulfur tolerance of materials decreases as 
Mn content increased, while the opposite trend is found for 
anode performance. A 20% Mn doping doubled the voltage 
loss of a LSCM anode in H2 with 1000 ppm H2S. In humidi- 
fied Hz with 10% H2S, performance of Lao.25Sro.25Cro.sMno.5 
was reported to degrade rapidly after exposure under open 
circuit for 16h [18]. This behavior was attributed to enhance- 
ment of poisoning effects by MnS and La2O2S impurity phases 
present during exposure, which were also shown in Fig. 5 where 
XRD results of LSCM anodes exposed in similar atmosphere 
for 5 days indicated that higher Mn content in LSCM anodes 
could enhance formation of such phases. Although the test 
was under quite severe conditions, earlier research conducted 
with 100 ppm H2S still indicated a comparatively low sulfur 
tolerance of the material with even low levels of Mn doping 
[46]. The low sulfur tolerance may be due to the lack of sta- 
bility of strontium doped lanthanum manganese (LSM) in a 
reducing environment. Therefore, composition optimization is 
required for such materials to be an effective sulfur-tolerant 
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Fig. 6. Performace of sulfur tolerance anodes for different H2S concentration 
under various conditions (‘*’: the initial performance was recovered after 700 h; 
open symbols for output change; closed symbols for power density). 


anode with high electrochemical performance at the same 
time. 


4.3.3. Ti-based perovskite anodes 

Lanthanum-doped strontium titanate (LST) has received con- 
centrated research interests for the SOFC anode due to its 
stability in reducing environments and comparatively high elec- 
tric conductivity among available perovskite materials. LST also 
has less volume change during redox cycling compared with 
chromites and other perovskites [57]. Replacement of Sr with 
La in SrTiO} introduces partial transformation of Ti** to Ti** 
through charge compensation and n-type conductivity during 
reducing atmosphere. The defect equilibrium is given as [2]: 


OX + ATi, > 2V, + 4Tih + Or (14) 


Conductivity of doped titanate reaches a peak value of 
360Scm7! at 1000°C when the occupancy of lanthanum 
approaches 0.4 in the A-site [57]. Despite the high electric 
conductivity and nominal oxygen over-stoichiometry, LST does 
not show comparable electro-catalytic performance for hydro- 
gen oxidation as Ni-cermet anodes and LSCM. Improvement 
of electro-catalytic activity of LST has been studied in terms 
of: doping with various transition ions onto the B-site [13,58]; 
low-level doping on B-site to modify defect chemistry [59]; and 
using the ionic conductive phase to form a composite layer [60]. 

Performances and sulfur tolerances of different pervoskite 
anodes have been compared in Fig. 6 in terms of output power 
change and power density. Undoped Lag 4Sro6Ti03 has proven 
to be much more resistant to sulfur poisoning than chromites 
perovskites [46]. However, the effects of H2S on anode perfor- 
mance vary for different levels of H2S at different temperatures. 
For LST anodes, Mukundan et al. reported that at 1000°C, 
the anode overpotential first degraded slightly by 6% as H2S 
content increased from 10 to 100 ppm [46]. As H2S increased 
to 5000 ppm, anode performance was recovered and further 
improved by 20% during 24h as indicated in Fig. 6. Exami- 


nation of the anode exhaust gas indicated an increase of H2O 
content without trace SO2, which may be consumpted by excess 
H2S to produce elemental sulfur. During a different test, an 
anode of a two-phase structure consisting of (La)SrTiO3 and 
(La)CeO2 mixed oxides suffered instant performance losses 
[60], which increased as H2S content rose from 280 to 950 ppm 
at 850°C, and maintained a stable performance afterward for 
a long period (500h) before being recovered by removing the 
H2S from the fuel. An irreversible performance drop of 18% 
occurred at 850°C for fuels with 50%Hz2 and 1000 ppm H2S. 
Accordingly, a linear increase of overpotential resistance with 
H2S content was found in contrast to the previous test on an 
LST/YSZ anode. Sulfates were found on the anode after testing, 
which was a sign of apparent transformation of surface sulfides 
into sulfates during operation. No analysis and explanation has 
been made regarding the different results in terms of effects of 
test set-up and phase influences. 

The superior performance of the LST anode may be ascribed 
to the high test temperature (950 °C), under which a significant 
amount of H2S may decompose to Hz and S (8.6% for decom- 
position rate at 850°C [14] and compensate the adverse effect 
of H2S on the anode due to a higher H2/H2S ratio. The anode 
performance was thus improved during higher level of H2S. 
However, for the second study conducted at lower temperature 
(800 °C) [48], decomposition of H2S in a low amount may be 
not enough to compensate for the poisoning effect under a lower 
H»/H2S ratio, which was confirmed by the research result. Since 
an earlier study by researchers from the same group found that an 
improvement of electrochemical performance of the LST-LDC 
anode was mainly due to the ceria phase [60], it may be assumed 
that an enhancement of surface O*~ concentration caused by 
ceria will help the oxidation of surface sulfides and enhance 
the sulfur tolerance of LST. Hence, further work is needed to 
investigate sulfur tolerance mechanisms of the LST anode. 

Two recent studies have been successful on promoting the 
catalytic performance of LST through low-level doping of Mn 
and Ga and over-percolation doping of Mn on the B-site [58,59]. 
Inflexible octahedral coordination of the Ti cation greatly limits 
the concentration of mobile oxygen defects inside the material 
[59]. Addition of a small amount of transition cations (<8%) with 
lower oxygen coordination numbers (e.g., Mn and Ga) was found 
to significantly enhance ionic conductivity and performance of 
the anode. Another strategy is to use Mn as the normal dopant 
of B-site for Lag 4Sro.6TiO3 [58]. Substituting Tift with Mn?* 
introduces both extra oxygen vacancies and Mn** through a 
compensation shift. The reducibility of Mn** helps to increase 
the ionic conductivity. P-type conductivity is also introduced by 
doping Mn beyond the 20 at% level. The presence of Mn proved 
to be favorable for promoting the electro-catalytic activity of 
LST. However, considering Mn’s tendency to react with H2S 
in a reducing environment, element tailoring may need to be 
applied to maintain LST’s sulfur resistance while obtaining an 
improved performance of LSTM. 


4.3.4. Lanthanum vanadate 
Sulfur-tolerant anode materials based on strontium doped 
lanthanum vanadate (La;_,Sr,VO3) were recently developed 
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by researchers at Georgia Tech. Substituting La with Sr beyond 
20% was found to endow LSV with a high n-type conductiv- 
ity (60-800 S cm!) due to a metal—insulator (M-I) transition 
occurring between —196 and 527°C [61]. LSV also has 
an improved oxygen partial pressure stable range (10~'* to 
107” atm) compared with that of SrVO3 due to stabilization 
of V>+ inside perovskite structure [49]. However, redox stabil- 
ity is still a potential problem for LSV. Formation of V>* valence 
usually occurs during the oxidation process of vanadates, which 
may lead to collapse of perovskite structure and formation of 
insulator phases such as Sr3V20g [49,61]. Hence, careful con- 
trol of oxidation and operation is needed for LSV to function as 
a stable anode. 

LSV has good stability in the 48h testing period and supe- 
rior performance with high H2S concentration in fuels (S—10%), 
while performance with pure H2 or hydrocarbons as fuel is rela- 
tively low [47,62]. No further report is presented on the selective 
catalytic characteristics of LSV towards H2S oxidation rather 
than H2 oxidation. One proposed explanation, based on thermo- 
dynamic prediction without experimental confirmation, was that 
SrVO3 as one member in LSV tends to catalyze H2S oxidation 
while the other member LaVO3 maintains structural integrity of 
the anode. However, it has been reported that thermodynamic 
predictions of doped perovskite using simple oxide solutions as 
a model may be questionable due to the fluctuation of different 
cations’ distribution inside the structure [63]. 

A solution for compensating for the insufficient activity of 
LSV was recently developed by Trembly et al. by applying 
LSV as acurrent collector outside the Ni-YSZ anode layer [10]. 
The preferential oxidation of H2S and high conductivity of LSV 
yields the twin advantages of forming a sulfur-tolerant layer for 
purifying fuels by oxidizing excess H2S while adequately con- 
ducting electrons to the Ni/YSZ interface. As shown in Fig. 6, 
the composite anode was found to improve the anode perfor- 
mance by 100 percent using coal syngas with 160 ppm H2S as 
fuel, indicating LSV’s capability of reducing H2S to a low level. 
To develop LSV into a promising anode material, import issues 
such as oxygen ionic conductivity and selection of oxidizing 
dopant require in-depth investigation. The successful policies 
applied for improving chromites and titanates indicated proper 
doping of low valent cations on B-site may be needed to create 
oxygen vacancy while stabilizing the vanadate perovskite. 


4.3.5. Other perovskites and MIECs 

Double perovskite. Double perovskite generally refers to a 
perovskite with an A’A”B’B’Og structure, during which A’ and 
A” can be rare earth or alkaline elements, and B’ and B” are 
two different transition cations in ordered form [64]. The newly 
developed Srz2MgMoOg¢ double perovskite by Huang et al. is a 
break-through in the development of pervoskite anode materials 
[50,51]. The anode shows comparable or superior performances 
in fuel containing H2, methane and dry CH4 as the state-of-art 
anodes. The anode’s high performance is maintained without 
change during introduction of 5 ppm H2S/H2, while slightly 
degrading (<5%) after operating with 50 ppm H2S/H2 for 200 h. 
The high power density achieved by reduction of Mo cations 
near maximum power output tended to contribute to the sulfur 


tolerance of the anode, since a high exchange current density is 
considered favorable for H2S oxidation. Mg?+ in the material, 
which is used with Mo°t/Mo>* couple to stabilize perovskite 
structure due to its ability to accept less than six-fold oxygen 
coordination [51], also resulted in a better sulfur-poisoning resis- 
tance compared with the materials with substitution of Mg by 
Mn and Cr cations. Although the sulfur tolerance mechanism 
or long-term stability has not been studied, the novel double- 
perovskite-structure material actually shows promise as an ideal 
anode material with not only high catalytic activity for various 
practical fuels but also sufficient sulfur tolerance. 

Yittria doped barium cerate. BaCeo.,Yo0.203 is usually a 
solid electrolyte but can obtain electronic conductivity as Ce** 
reduced to trivalent ceria [38]. A new method has been devel- 
oped by Tomita et al. to produce an anode-free structure by 
deriving Yo.2Ceo,303 anode phase directly from barium cerate 
electrolyte via surface heat treatment [40]. The perovskite-doped 
ceria structure not only possesses stability against carbon depo- 
sition and resistance for 10 ppm levels of H2S, but also lowers 
the interfacial resistance between electrolyte and anode layer. 
The material shows relatively low catalytic activity for hydro- 
gen oxidation but good redox stability after 20 trials, indicating 
a potential to serve as a sulfur-tolerant anode layer. 

Pyrochlore. Gd2Ti; 4M00.607 showed promise as a sulfur- 
tolerant anode recently [65]. The pyrochlore-based anode was 
found to be stable during 6-day test with 10% H2S-90% H2 
fuels and showed an improved performance compared with LSV 
under similar conditions. Mo-doped Gd2Ti2O7 derives its ionic 
conductivity of about 107? Scm7! from the intrinsic oxygen ion 
defects and valence change brought by Mo [66]. Such relatively 
high ionic conductivity of perovskites should help achieve a high 
electro-catalytic activity for the material. However, no specific 
material and electrochemical analysis study was reported. The 
material also has limited existence range of oxygen partial pres- 
sure with high Mo content, which imposes similar redox stability 
problem for GTM as a sulfur-tolerant anode. 


5. Concluding remarks and future work 
recommendations 


In this paper, degradation mechanisms of SOFC anodes 
by sulfur and recent development of sulfur-tolerant anode are 
summarized. Several concluding remarks and future work rec- 
ommendations are presented below: 


(1) The difference between experimental results on sulfur 
poisoning and theoretical prediction indicated that it is nec- 
essary to investigate the role of adsorbed sulfur or formed 
sulfide on the electrochemical reactions on the anode. Par- 
ticular attention should be paid to the surface and to the 
influence of the local electric field on sulfur poisoning. 

(2) Among various sulfur-tolerant anode materials, thiospinel 
and metal sulfides are favorable for H2S oxidation fuel 
cell while stability and catalytic activity for H2-rich fuels 
with low concentrations of H2S need verification. Addi- 
tion of more ionic conductive and sulfur-reactive phases 
into Ni-cermet tends to be an easy and effective way to 
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promote sulfur tolerance, but due to activity limitations of 
ionic phases, composition and contact of different phases 
need to be adjusted to ensure both adequate sulfur tolerance 
and fuel-oxidation performance. For the strategy of develop- 
ing materials with mixed oxygen ion/electron conductivity, 
comparatively low catalytic activity towards hydrogen oxi- 
dation is the common challenge for the most sulfur-tolerant 
MIEC anodes for practical fuels, while the ones with promis- 
ing oxidation performance need composition optimization 
to achieve sufficient stability for H2S. One exception is the 
recently developed double perovskite anode, which indi- 
cates that a connection between high catalytic activity and 
sulfur tolerance can be acquired simultaneously via a proper 
material match. 

(3) The lack of investigation on sulfur tolerance mechanisms 
and catalytic behaviors of different materials obscures clear 
criteria for design and evaluation of sulfur-tolerant materi- 
als. Based on the advantages and disadvantages of current 
sulfur-tolerant materials, the combined application of avail- 
able materials as different functional components in anodes 
through proper design may be effective to achieve a balance 
between stability and performance. As previously suggested 
[12], the effects of ionic conductivity as well as interfacial 
resistance on anode performance in terms of catalytic activ- 
ity and impurity tolerance need to be investigated during 
experimental trials. 
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